Hindbrain
Introduction
In the developing vertebrate brain, the neuroepithelium is partitioned into lineage-restricted compartments and boundaries along the antero-posterior (AP) and dorso-ventral (DV) axes (reviewed by Pasini and Wilkinson (2002) ). Boundary regions act as signaling centers and regulate specification and neuronal differentiation in the neighboring non-boundary cells (reviewed by Kiecker and Lumsden (2005) ). An important question is how the boundary regions are specified and maintained during brain development. The hindbrain primordium is initially segregated into compartments along the AP axis, forming repeating segments called rhombomeres through repulsive actions mediated by the Eph family of receptor tyrosine kinases and their associated ligand, ephrin (Fraser et al., 1990; Mellitzer et al., 1999; Xu et al., 1995 Xu et al., , 1999 . Rhombomere interface cells are subsequently specified as boundary cells; these cells form boundary regions between the rhombomeres (Guthrie and Lumsden, 1991, reviewed by Guthrie (1996) ).
The non-boundary cells in the rhombomeres proliferate and initially give rise to motor neurons and interneurons (reviewed by Kiecker and Lumsden (2005) ). In contrast, boundary 0925-4773/$ -see front matter Ó 2011 Elsevier Ireland Ltd. All rights reserved. doi:10.1016/j.mod.2011.04.001 cells are less proliferative and non-neurogenic. Moreover, these boundary cells have larger apical membrane domains facing the brain ventricle compared to the non-boundary cells . The established rhombomere boundary regions regulate broad aspects of the subsequent hindbrain development. The rhombomere boundary cells secrete a variety of signaling molecules, such as FGF, BMP inhibitor and Wnts (Mahmood et al., 1995 (Mahmood et al., , 1996 Nittenberg et al., 1997; Cheng et al., 2004; Riley et al., 2004; Amoyel et al., 2005; Sela-Donenfeld et al., 2009 ). These signaling molecules influence patterning and neuronal specification in the non-boundary regions (Amoyel et al., 2005; Weisinger et al., 2008) . In addition, two previous studies suggested that Notch signaling-related molecules, which are generally necessary for the maintenance of the undifferentiated state, are involved in the segregation and establishment of rhombomere boundary regions (Cheng et al., 2004; Baek et al., 2006) . These Notch signaling-related molecules include radical fringe, a modulator of Notch, and Hes1, a well-known Notch effector. Radical fringe is highly expressed in the rhombomere boundary regions and is required for the segregation and maintenance of the boundary cells in the zebrafish hindbrain (Cheng et al., 2004) . Hes1 encodes a basic helix-loop-helix (bHLH) transcriptional repressor and is expressed in rhombomere boundary cells in the mouse. Loss-of-function of Hes1 results in abnormal boundary formation and ectopic neuronal differentiation in the boundary regions of the mouse hindbrain (Baek et al., 2006 , reviewed by Kageyama et al. (2008 ).
Numerous studies have revealed that Pax6 regulates brain patterning, neuronal subtype specification, and the cell cycle in the developing central nervous system (Ericson et al. 1997; Osumi et al., 1997; Stoykova et al., 2000; Takahashi and Osumi, 2002; Nomura et al., 2006 ; also see reviews by Simpson and Price, 2002; Osumi et al., 2008) . Knockdown of Pax6a and Pax6b using antisense morpholino oligonucleotides (MO) in the zebrafish and loss of Pax6 in the rat embryo both result in an anterior-posterior shift of the border of the segmental gene Krox-20 in the developing hindbrain (Nolte et al., 2006; Numayama-Tsuruta et al., 2010) . The loss of Pax6 also leads to accelerated cell proliferation (Gö tz et al., 1998; Takahashi and Osumi, 2002; Tamai et al., 2007) and reduced expression of Neurogenin2 (Neurog2), which encodes a bHLH transcription factor that promotes neuronal differentiation in neuroepithelial cells of the cortex and the hindbrain of mouse and rat embryos (Stoykova et al., 2000; Toresson et al., 2000; Yun et al., 2001; Mizuguchi et al., 2001) . In contrast, progenitor cells of Pax6 mutant mice precociously differentiate into neurons in the cortex and the spinal cord (Estivill-Torrú s et al., 2002; Bel-Vialar et al., 2007; Quinn et al., 2007) . Interestingly, in the chick hindbrain, Pax6 mRNA is expressed in the rhombomere boundary regions at relatively high levels compared to the non-boundary regions (Heyman et al., 1995) . Similarly, in zebrafish, boundary cells show higher levels of Pax6 protein than the non-boundary cells (Xu et al., 1995) . In contrast, in the mouse hindbrain, the level of Pax6 mRNA expression in the boundary regions is lower than that in the non-boundary regions (Davenne et al., 1999) .
In the present work, we investigated rhombomere boundary formation and neuronal differentiation in the hindbrain of Pax6 loss-of-function mutant rat embryos. The expression of certain boundary markers (PLZF (Zbtb16), Ring1A (Ring1), and Wnt5a) was down-regulated, while the expression of cadherin7 (Cdh7) was upregulated in non-boundary regions. Consistent with the alterations in marker gene expression, the boundary regions were enlarged, and the interface between each rhombomere boundary and non-boundary region was obscured in the Pax6 mutant hindbrain compared to those of the wild-type hindbrain. We also found ectopic neuronal differentiation in the boundary regions. Coincidentally, Hes5, which is a well-known inhibitor of neuronal differentiation, was down-regulated, and Neurog2 was up-regulated in the boundary regions of the Pax6 mutant hindbrain. Our results thus indicate that Pax6 is required for coordinating boundary-cell specification and reducing proliferation/neurogenesis within the boundary region.
Results

2.1.
Pax6 expression is temporally and spatially regulated during boundary formation in the rat hindbrain
The Pax6 expression pattern has been well characterized in chick and zebrafish embryos during rhombomere segmentation and boundary formation (Li et al., 1994; Heyman et al., 1995; Xu et al., 1995; Kleinjan et al., 2008) . However, Pax6 expression during the early development of the mammalian hindbrain has not been described in detail. Therefore, we first examined Pax6 expression in the rat hindbrain by wholemount in situ hybridization (Fig. 1) . Pax6 expression in the hindbrain of embryonic day (E) 10 embryos varied depending on slight differences in developmental stage. In relatively younger embryos, Pax6 mRNA was detected in the caudal region of the hindbrain, including rhombomere 5-7 (r5-7) (Fig. 1A) . In slightly older embryos, Pax6 expression was detected at r3 and r5 at low levels and was not present in r4 (Fig. 1B) . Weak expression in r4 emerged in more advanced embryos (Fig. 1C) . Pax6 expression further expanded into r2 at E10.5 and E10.75, although the expression level in r3 and r5 remained relatively higher ( Fig. 1D and E) . Both the rhombomere boundary and the non-boundary regions expressed Pax6 mRNA at E11.5 (Fig. 1I ), but expression gradually declined in the boundary regions by E12.5 (Fig. 1M ). Despite the dynamic changes in Pax6 mRNA expression, Pax6 protein was detected in nuclei of neuroepithelial cells at both the boundary and non-boundary regions (E10.75-12.5, Fig. 1F -H, J-L, N-P). These results suggest that the Pax6 expression profile in the rat hindbrain is different from that in the chick and zebrafish and that Pax6 protein may function in the rhombomere boundary and the non-boundary cells.
2.2.
The expression of rhombomere boundary markers is altered in the Pax6 mutant hindbrain
The expression of PLZF (Zbtb16), a zinc-finger transcription factor, and Ring1A (Ring1), an E3 ubiquitin ligase of the Polycomb repressive complex, in the rhombomere boundary regions was previously described in mice (Cook et al., 1995; Schoorlemmer et al., 1997) . We thus examined the expression of Zbtb16 and Ring1 in wild-type and Pax6 mutant rat hindbrains at E12.5. The expression pattern of these genes in the wild-type rat hindbrain appeared to be identical to that of In the wildtype hindbrain, a-tubulin-positive supraependymal (SE) cells were located at the center of the r2/3 (arrowhead in C) and r4/5 boundary regions (arrowhead in G). SE fibers were also observed within the r2/3, r4/5, and r5/6 boundaries (double arrowheads in C, G, I). SE cells were observed at r3/4 and r4/5 (arrows in F, H), and a large number of a-tub + cells are clustered at the r2/3 and r5/6 boundaries in the Pax6 mutant hindbrain (arrows in D and J). Scale bars: 200 lm in A, B; 50 lm in C-J. mouse ( Fig. 2A and C, see also a cartoon in Fig. 2I ). However, expression of both genes was severely down-regulated in the rhombomere boundary regions of the Pax6 mutant hindbrain (Fig. 2B, D and I) . In the zebrafish hindbrain, Wnt family genes are expressed in the rhombomere boundary cells, and Wnt1 function is necessary for the repression of boundary gene expression in the non-boundary regions (Amoyel et al., 2005) . Because the expression of Wnt genes in rhombomere boundary cells has not been reported in the rodent hindbrain, we first examined the expression of various Wnt family genes. We found that Wnt5a was specifically expressed in the ventral half of the rhombomere boundary regions (Fig. 2E and I) and that these sharp stripes diminished in the Pax6 mutant ( Fig. 2F and I ). In addition, the anterior border of Wnt5a expression at r6/7 was obscured, and its expression was upregulated in the ventral domain of the caudal hindbrain (Fig. 2E, F and I) .
We previously reported that Cdh7 is expressed in the rhombomere boundary cells of the rat hindbrain (Takahashi and Osumi, 2008; Fig. 2G and I) . In the Pax6 mutant, Cdh7 expression was upregulated in the non-boundary regions but persisted in the r3/4 and r5/6 boundaries ( Fig. 2H and I ).
In summary, the compromised expression of the boundary markers in the Pax6 mutant hindbrain reveals the importance of Pax6 in the specification of boundary cells in early hindbrain development. 
2.3.
Rhombomere boundaries are morphologically disorganized in the Pax6 mutant hindbrain
Rhombomere boundary regions and non-boundary regions form the metameric structures of gyri and sulci. The formation and maintenance of gyri and sulci are regulated by cytoskeletal components such as actin and microtubules. Microtubules are strongly enriched at the apical side of boundary cells (Tuckett and Morriss-Kay, 1985) . We therefore asked whether the alterations in the boundary marker gene expression in the Pax6 mutant hindbrain could be correlated with changes in cytoskeletal structures. We examined F-actin and microtubules in the boundary cells of wild-type and Pax6 mutant rat hindbrains by en face observation (Fig. 3) . The apical side of the boundary cells was visualized by the presence of F-actin detected with fluorescently labeled phalloidin ( Fig. 3A and D) . The boundary cells possessed larger apical membrane domains than non-boundary cells, and the apical membrane showed an elongated shape along the DV axis in the wild-type hindbrain at E11.5 (Fig. 3A) . In contrast, the alignment of the boundary cells was disorganized, and the transition of each rhombomere boundary and non-boundary region was morphologically obscured in the Pax6 mutant hindbrain (Fig. 3D) . Similar alterations in cell shape were observed at other rhombomere boundaries (data not shown).
Horizontal sections revealed that the neuroepithelium was constricted at the basal side of boundaries and that this basal constriction was observed at the r5/6 boundary region of both wild-type and Pax6 mutant rat hindbrains ( Fig. 3B and E) . To examine the apical side of the rhombomere boundary cells, we stained the tissue with an antibody against ZO1, which is an essential apical protein used to form junctional complexes in the epithelium. Anti-ZO1-immunoreactivity was observed at the apical side of the mutant rhombomere boundary cells (Fig. 3C and F) . We next examined the localization of centrosomes and the distribution of stable microtubules in the apical region of the rhombomere boundary cells by en face observation after semi-whole-mount immunostaining with anti-c-tubulin and anti-acetylated a-tubulin antibodies. We found no alterations in the localization patterns of these proteins between the wild-type and Pax6 mutant cells (Fig. 3G-J) .
2.4.
a-Tubulin-labeled cell bodies and fibers are increased at rhombomere boundaries of the Pax6 mutant hindbrain Morphological disorganization of the rhombomere boundary regions and the alterations in boundary marker expression in the Pax6 mutant hindbrain suggested that Pax6 might regulate the size of the boundary regions. We thus examined this parameter by semi-whole-mount immunostaining with an anti-a-tubulin antibody (Fig. 4) . En face observation of flat-mounted hindbrains clearly revealed a-tubulin enrichment in the boundary regions of E12.5 wild-type embryos (Fig. 4A) . Pax6 is highly expressed in the ventral region of the rat hindbrain (see Fig. 1) , and, coincidently, the number of the boundary cells in the ventral region is larger than that of the dorsal region (Fig. 4A) . The r3/4 and r5/6 boundary regions were also narrower than other boundary regions (Fig. 4A) . In the Pax6 mutant hindbrain, a-tubulin-labeled boundary regions were expanded along the AP axis (Fig. 4B) . These results suggest that Pax6 might control the size of the boundary regions in the ventral hindbrain.
In the rhombomere boundary regions, supraependymal (SE) cells with SE fibers have been found in the fourth ventricular floor of chick, mouse, and human embryos (Otani et al., 1992; Ojeda and Piedra, 1998; Tanaka et al., 1987) . Consistently, we found SE cells and fibers in the r2/3, r4/5, and r5/6 boundary regions of the wild-type rat hindbrain (Fig. 4C, G,  I ). In addition to the SE cells and fibers, morphologically distinct a-tubulin-positive cells were found at the r2/3 and r5/6 boundary regions of the Pax6 mutant hindbrain (Fig. 4D and J). These cells formed clusters with cellular processes thicker than the SE fibers ( Fig. 4D and J) . Differential interface contrast imaging and confocal z-stack imaging analysis of phalloidin staining revealed that these a-tubulin-positive cells escaped from the ventricular surface and contacted each other ( Supplementary Fig. S1 ).
2.5.
Ectopic neuronal differentiation occurs in the rhombomere boundary regions of the Pax6 mutant hindbrain
The a-tubulin-positive abnormal cells exhibited neuronlike bipolar shapes with processes extending dorso-ventrally along the apical surface ( Fig. 4D and J) . Because we previously observed cell bodies of neurofilament-positive (NF + ) neurons on the apical surface of the neuroepithelium in the caudal region of the Pax6 mutant rat hindbrain (Osumi et al., 1997) , we correlated the distribution of NF + cells with the position of the rhombomere boundary regions by en face observations of flatmounted mutant hindbrains (Fig. 5) . NF + cells were identified on the apical surface of the r2/3 and r5/6 boundary regions ( Fig. 5B and D) . On horizontal sections, these cells were also observed on the r5/6 boundary region in the ventral hindbrain (Fig. 5F ). In contrast, such NF + cells were never detected in the wild-type hindbrain (Fig. 5A , C and E). The neuronal identity of NF + cells was further confirmed by the presence of neuron-specific type III b-tubulin (b-tub + ) antibody staining ( Fig. 5G and H) . The ectopic neurons in the rhombomere boundary regions of the Pax6 mutant hindbrain could be generated by the boundary cells. To test this possibility, we examined the onset of neurogenesis in the r5/6 boundary region at E11.5, when neuronal differentiation starts in the normal rat hindbrain (Takahashi and Osumi, 2002 ). Very few b-tub + cells were found in the ventral part of the r5/6 boundary region of the wild-type hindbrain (0.81 ± 0.22/section, ±SEM n = 16, Fig. 6A , B and E), whereas significantly more b-tub + cells were observed at the boundary region of the Pax6 mutant interneuron progenitor domain in the E11.5 rat hindbrain. Hes1 expression was not detected at the rhombomere boundaries of the wild-type (arrowheads in B) or Pax6 mutant hindbrain (arrowheads in B'). Pictures in C, C 0 , F, and F 0 are shown at higher magnification in B, B 0 , E, and E 0 , respectively. Hes5 expression is down-regulated in the rhombomere boundary regions (F 0 ). (G,
Expression of Neurog1 and Neurog2 was detected in the V2/V1 interneuron progenitor domains (white brackets in G and J), whereas expression of Ascl1 was detected in the VM/BM progenitor domain (green bracket in M) viewed longitudinally through the wild-type hindbrain. In the Pax6 mutant hindbrain, Neurog1 is drastically down-regulated at r2-r5 (G 0 ), and Neurog2 expression is slightly down-regulated in the V2/V1 interneuron progenitor domains (white bracket in J 0 ). 
Ascl expression in the VM/BM progenitor domain persists in the Pax6 mutant hindbrain (green bracket in M 0 ). (H, H
(2.69 ± 0.38/section, ±SEM n = 16, Fig. 6C-E) . We further observed the morphology of b-tub + cells at the r5/6 boundary in detail using confocal microscopy ( Fig. 6F-N) . The rare btub + cells in the wild-type r5/6 boundary had a relatively short process ( Fig. 6F-H) , while the b-tub + cells in the Pax6 mutant r5/6 boundary had a long basal process that was in contact with the basal side of the neuroepithelium (Fig. 6I-N) . These observations suggest that ectopic neurons in the Pax6 mutant boundary regions likely originate from the boundary regions themselves.
2.6. Expression of Hes5 is down-regulated in the Pax6 mutant hindbrain Baek et al. (2006) previously showed that Hes1 is expressed in mouse rhombomere boundary cells and that Hes1 and Hes5 are crucial to maintain the rhombomere boundary regions and to inhibit neuronal differentiation of the rhombomere boundary cells. We thus examined the expression of Hes1 in the Pax6 mutant rat hindbrain as a possible cause of ectopic neuronal differentiation. Hes1 expression was detected at the r2/3 and r3/4 boundaries, but not at the r4/5 and r5/6 boundaries, in the ventral regions along the V1/V2 interneuron progenitor domains (Ericson et al., 1997; Briscoe et al., 2000; Takahashi and Osumi, 2002) in early E11.5 wild-type rat embryos (somite 22) ( Supplementary Fig. S2A-C ). This expression pattern was similar to that of the mouse hindbrain (Baek et al., 2006) . Hes1 expression diminished in the boundaries at E11.5 (somite 24/25) (Fig. 7A ) and was also detected in distinct progenitor domains of branchial/visceral motor neurons (BM/VM), somatic motor neurons (SM) and V0 interneurons at non-boundary regions and boundary regions ( Fig. 7A ; see also Supplementary Fig. S3C ). Hes5 was expressed in the non-boundary regions, including the ventral part of the BM/VM progenitor domain, the SM progenitor domain, and the V1/V2 interneuron progenitor domains (Fig. 7D) as well as the rhombomere boundaries along these progenitor domains (Figs. 7D, Supplementary Fig. S3D ). In the Pax6 mutant hindbrain, Hes1 expression was down-regulated in the dorsal part of the BM/VM progenitor domain and the SM progenitor domain (Figs. 7A 0 , S3G), and Hes5 expression was specifically down-regulated at the boundary regions and non-boundary regions along the V1/V2 interneuron progenitor domain (Fig. 7D 0 -F 0 , Supplementary Fig. S3H ). The downregulation of Hes5 in Pax6 mutants was also noted in our previous microarray and quantitative-PCR analyses of the E11.5 Pax6 mutant hindbrain (Numayama-Tsuruta et al., 2010) . In the E12.5 Pax6 mutant hindbrain, Hes1 expression was diminished in the BM/VM progenitor cells, and Hes5 expression was up-regulated in the V2/V1 interneuron progenitor domains (Supplementary Fig. S2D-G) . These findings suggest that Pax6 also regulates the expression of Hes genes in both the boundary and the non-boundary regions.
Neurog1, Neurog2, and Ascl1 are major proneural genes in mammals and play crucial roles in the promotion of neuronal differentiation in the developing nervous system (reviewed by Bertrand et al. (2002) . Pax6 positively regulates Neurog1 expression in the zebrafish hindbrain (Blader et al., 2004) while it negatively regulates Ascl1 expression in the mouse cortex (Stoykova et al., 2000) . Because expression of proneural genes is repressed by Hes genes (Kageyama et al., 2008) , we next examined whether the expression of Neurog1, Neurog2, and Ascl1 was up-regulated in the boundary and non-boundary regions of the E11.5 Pax6 mutant hindbrain (Fig. 7) .
Neurog1 was expressed in the V0-2 interneuron progenitor domains and the SM progenitor domain in the ventral hindbrain of the wild-type embryo (Fig. 7G, Supplementary  Fig. 3K and S) . In the Pax6 mutant, however, Neurog1 expression disappeared from the r2-r5 levels (Fig. 7G 0 , Supplementary Fig. S3P ). Neurog2 expression was detected in the V1/V2 interneuron progenitor cells and the SM progenitor cells in the ventral domain of the wild-type hindbrain (Figs. 7J, S3L ).
In the Pax6 mutant, Neurog2 expression was down-regulated in the non-boundary regions (Fig. 7J 0 , Supplementary Fig. S3Q ), which is consistent with a previous report (Mizuguchi et al., 2001) . Expression of Neurog1 and Neurog2 was detected in a small number of cells in the rhombomere boundary regions of the wild-type hindbrain (Fig. 7H, I , K. L). However, Neurog1 disappeared from the boundary regions in the Pax6 mutant hindbrain ( Fig. 7H 0 and I 0 ). Consistent with abnormal neurogenesis at the rhombomere boundaries of the Pax6 mutant hindbrain (Fig. 6 ), Neurog2 was up-regulated in the apical cells at rhombomere boundaries in the mutants ( hindbrain (Fig. 7M, Supplementary Fig. S3M ). In the Pax6 mutant hindbrain, Ascl1 expression in the BM/VM progenitor domains was not affected (Fig. 7M  0 ) , but the expression in the V2 interneuron progenitor cells disappeared ( Supplementary  Fig. S3R ). Ascl1 expression disappeared from the r5/6 boundary region in which Neurog2 was up-regulated (Fig. 7N, N  0 , O, O 0 ). These results suggest that Pax6 positively regulates the expression of Hes5 and negatively regulates Neurog2 in boundary cells of the rat hindbrain.
Discussion
Pax6 has crucial roles in rhombomere boundary formation
The phenotype of the Pax6 mutant rat reveals the importance of Pax6 in the specification of rhombomere boundary cells (Fig. 8) . We found that Zbtb16, Ring1 and Wnt5a were down-regulated in the boundary cells of the Pax6 mutant hindbrain (Fig. 2I) , while Cdh7 expression was ectopically up-regulated in the non-boundary regions. These results suggest that in the Pax6 mutant, boundary and non-boundary identities are compromised. The a-tubulin-positive boundary regions were consistently larger in the Pax6 mutant hindbrains. Why should the boundary regions expand in the absence of Pax6? One possibility is that non-boundary cells acquire boundary-like properties and that boundary cells acquire non-boundary-like properties. Such a shift could be explained by the signaling center function of the boundary regions, as discussed below. For example, in the zebrafish hindbrain, Wnt1 is expressed in the dorsal part of the rhombomere boundary cells. Wnt1 knockdown caused an expansion of the rhombomere boundary marker expression domains, suggesting that Wnt signaling is important for determining the size of the rhombomere boundary regions (Amoyel et al., 2005) . While rhombomere boundary-specific expression of Wnt1 has not yet been observed in the mammalian hindbrain, we detected Wnt5a expression in the rat rhombomere boundary cells. Because Wnt5a expression is diminished but the overall size of the atubulin-positive boundary regions is expanded in Pax6 mutants, Wnt5a may function to determine the size of the boundary regions in this species.
An alternative, if not mutually exclusive, explanation for the boundary expansion in the Pax6 mutant rat hindbrain may lie in the abnormal cell shapes and behavior of the boundary cells. While dorso-ventrally elongated apical membranes have been found in rhombomere boundary cells in the chick and wild-type rat (this study), we found that the apical membrane of the boundary cells is larger in the Pax6 mutant. Furthermore, the interface between the boundary and non-boundary regions is obscured in the Pax6 mutant hindbrain. These results suggest that Pax6 may function to maintain the rhombomere boundary regions by restricting cell movement through controlling cell-cell adhesion within each boundary or between the boundary and non-boundary regions. However, no conclusive evidence has been found to support the hypothesis that boundary cells have stronger cell adhesiveness than non-boundary cells. However, forced expression of Cadherin6 (Cdh6), which is normally expressed in the ventral telencephalon, in the mouse dorsal telencephalon caused cell sorting of transfected cells into the ventral region (Inoue et al., 2001) . Therefore, the upregulation of Cdh7 in non-boundary regions may affect cell behavior at the interface between boundary and non-boundary regions.
3.2.
Possible inhibitory mechanisms of neuronal differentiation mediated by Pax6
We have found that the rhombomere boundary cells in the ventral hindbrain abnormally differentiated into neurons in the Pax6 mutant hindbrain. Many neurons with bipolar morphology are present at the r2/3 and r5/6 boundaries of the Pax6 mutant hindbrain at E12.5. What genes function under or with Pax6 to repress neurogenesis in the wild-type boundary regions? Previous studies have shown that loss of Pax6 caused premature neurogenesis in non-boundary regions in the cortex, retina and spinal cord (Estivill-Torrú s et al., 2002; Philips et al., 2005; Bel-Vialar et al., 2007; Quinn et al., 2007) . FABP7 is a downstream target of Pax6 that acts to maintain cortical neuroepithelial cells in an undifferentiated state in the rat (Arai et al., 2005) . However, general Pax6 downstream genes required for the maintenance of the stem/progenitor cell state in the hindbrain remain unidentified. Nonetheless, the down-regulation of Hes5 and up-regulation of Neurog2 at rhombomere boundary regions of the Pax6 mutant rat hindbrain can explain the ectopic neurogenesis. Hes genes are well-known inhibitors of neuronal differentiation that act by repressing proneural bHLH genes that promote neuronal differentiation (Kageyama et al., 2008) . Persistent and high levels of Hes expression are necessary for the maintenance of the boundary cells in developing brains (Baek et al., 2006; Kageyama et al., 2008) . In the Hes5 mutant mouse spinal cord, Hes1 expression is up-regulated and appears to compensate for the loss of Hes5 (Hatakeyama et al., 2004) . However, up-regulation of Hes1 was not detected in the rhombomere boundary regions of the Pax6 mutant hindbrain, where Hes5 expression was diminished. Ectopic neurogenesis in the Pax6 mutant rat hindbrain is similar to that observed in Hes1/Hes5 double or Hes1/Hes3/Hes5 triple mutant mouse hindbrains (Baek et al., 2006) . Interestingly, recent microarray screening using the Pax6 mutant mouse cortex and Chip-on-Chip analyses revealed that Hes5 is a downstream gene of Pax6, although the Pax6 protein does not appear to bind to the Hes5 promoter directly (Sansom et al., 2009 ).
As mentioned above, expression of Zbtb16 and Ring1 in the rhombomere boundary regions was down-regulated in the Pax6 mutant hindbrain. Unfortunately, neurogenesis in the boundary regions has not been evaluated in the Zbtb16 and Ring1 knockout mice (Barna et al., 2000; del Mar Lorente et al., 2000) . Interestingly, Plzfa and Ring1B, which are closely related to Zbtb16 and Ring1, respectively, have been shown to repress proneural gene expression via Notch-independent mechanisms. For example, Plzfa is uniformly expressed in zebrafish neuroepithelial cells and inhibits neurogenesis via repression of Neurog1 (Sobieszczuk et al., 2010) . Ring1B-mediated silencing regulates Neurog1 expression and limits the neurogenic competence of neural precursor cells in the developing mouse cortex (Hirabayashi et al., 2009) . Taken together, the down-regulation of Zbtb16 and Ring1 may also contribute to the ectopic neuronal differentiation at the rhombomere boundary regions of the Pax6 mutant hindbrain.
4.
Experimental procedures
Animals
Animal experiments were conducted in accordance with the National Institutes of HealthGuide for the Care and Use of Laboratory Animals. The Committee for Animal Experimentation of the Graduate School of Medicine, Tohoku University, approved the experimental procedures described herein. The midday of the vaginal plug was designated as embryonic day 0.5 (E0.5). Pregnant Sprague-Dawley rats were purchased from Charles River Japan (Yokohama, Japan). Pax6 homozygous mutant rat embryos were obtained by crossing male and female Small eye rat heterozygotes (rSey 2 /+) (Osumi et al., 1997) . At least three wild-type and three Pax6 mutant hindbrains were analyzed in each in situ hybridization and immunostaining assay.
4.2.
In situ hybridization
Whole-mount and section in situ hybridization were performed as previously described Osumi, 2002, 2005) . Rat Neurogenin1 (Neurog1), Neurogenin2 (Neurog2), and Mash1 (Ascl1) plasmids were provided by Dr. M. Nakafuku (Mizuguchi et al., 2001) , and rat Hes1 and Hes5 plasmids were provided by Dr. R. Kageyama Akazawa et al., 1992) . RNA probes for rat Pax6, Cdh7, and Dbx1 were previously reported Osumi, 2002, 2008) . Rat Zbtb16 (DDBJ: AB568266), Ring1 (AB568263), and Wnt5a (AB24472) cDNA fragments were PCR-amplified from a cDNA pool generated from mRNA of E12.5 Sprague-Dawley rat embryos. To enhance the Hes1 signal in whole mount in situ hybridization, the 5 0 UTR of rat Hes1 (AB614137), which was amplified from the rat genome, was also used for probe synthesis. The oligonucleotide primers used were as follows: rat Zbtb16 cles under the following conditions: denaturation, 96°C, 5 min; annealing, 63.5°C (Zbtb16, Ring1, and Hes1) or 56.9°C (Wnt5a), 1 min; and extension, 72°C, 1 min. Amplified products were cloned by blunting the fragment using T4 DNA polymerase (Invitrogen) and inserting it into the EcoR V site of pBluescript SKII (À) (Stratagene). Flat-mounted images were recorded by a cooled color CCD camera (Penguin 600CL, Pixera). The images of sections were recorded using an AxioPlan microscope equipped with an AxioCamMRc CCD camera (Carl Zeiss).
Immunohistochemistry
Immunohistochemistry was performed as previously described (Takahashi and Osumi, 2002) . Sections were incubated overnight at 4°C with primary antibodies as follows: Pax6 rabbit IgG (1:1000, Inoue et al., 2000) ; neurofilament (165 kDa) mouse IgG1 (1:100, 2H3, DSHB); neuron-specific type III b-tubulin mouse IgG2a (1:2000, Tuj1, Covance); a-tubulin mouse IgG1 (1:200, DM1A, Sigma); ZO1 rabbit IgG (1:1000, Mid, Zymed); Nkx2.2 mouse IgG1 (1:50, 74.5A5, DSHB); and Olig2 rabbit IgG (1:5000, Olig2-1-1). The anti-Olig2 rabbit antibody was generated using synthesized C-terminal peptides of mouse Olig2 (CSAMGAGTLPRLAK) (Operon, Tokyo). The secondary antibodies were Cy3-conjugated anti-rabbit IgG donkey antibodies (1:600, Jackson), Alexa Fluor 488 conjugated anti-mouse IgG goat antibodies (1:300, Invitrogen), and Cy3-conjugated affinity purified anti-mouse IgG donkey antibodies (1:400, Jackson). F-actin detection was conducted using Alexa Fluor 488-phalloidin (Invitrogen) diluted to 1:200. b-tubulin-positive cells were counted at the apical side of the r5/6 boundary ( Fig. 7) on 16 serial horizontal sections (10 lm thick) at the ventral hindbrain level. The sections were prepared from three wildtype and three Pax6 mutant rat embryos, and a Student's t-test was performed to compare the results (n = 16 sections). Images were recorded using an AxioPlanII fluorescent microscope equipped with an AxioCamMRm CCD camera (Carl Zeiss). The Z-stack images shown in Fig. 6 were constructed from 8 to 10 Z-images (0.9 lm thick) taken with a confocal laser-scanning microscope (PASCAL, Carl Zeiss).
Semi-whole mount immunohistochemistry
Whole embryos were fixed in 4% PFA/PBS at 4°C overnight for semi-whole immunohistochemistry using an anti-neurofilament antibody (2H3). Dissected hindbrains were incubated with the 2H3 antibody (1:100, diluted with 2% goat serum/ TBST (Tris-buffered saline containing 0.1% Tween 20)) at RT overnight. Staining of other proteins was conducted by fixing whole embryos in 4% PFA/PBS at RT overnight to avoid depolymerization of microtubules at low temperatures. Dissected hindbrains were incubated with Alexa Fluor 488-phalloidin (1:200, Invitrogen) and primary antibodies at RT for two consecutive nights as follows: a-tubulin mouse IgG1 (1:200, DM1A, Sigma), acetylated a-tubulin mouse IgG2b (1:1000, 6-11B-1, Sigma), and c-tubulin mouse IgG1 (1:200, GTU-88, Sigma). Signal detection was conducted using a Cy3-conjugated anti-mouse IgG donkey antibody (1:400, Jackson). The stained hindbrains were separated into two sections at the midline and mounted under a coverslip. Z-stack images were taken with a confocal microscope (PASCAL or 510 META, Carl Zeiss).
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